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FAIR - from a few-body perspective
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)$,5 LV WKH QH[W JHQHUDWLRQ IDFLOLW\ IRU IXQGDPHQWDO DQG
DSSOLHG UHVHDUFK ZLWK DQWLSURWRQ DQG LRQ EHDPV >@ ,W ZLOO
SURYLGHZRUOGZLGHXQLTXHDFFHOHUDWRUDQGH[SHULPHQWDOID
FLOLWLHV DOORZLQJ IRU D ODUJH YDULHW\ RI XQSUHFHGHQWHGIRUH
IURQW UHVHDUFK LQ SK\VLFV DQG DSSOLHG VFLHQFHV )$,5 LV DQ
LQWHUQDWLRQDO SURMHFW ZLWK  SDUWQHU FRXQWULHV DQG PRUH
WKDQ  VFLHQWLVWV DQG HQJLQHHUV LQYROYHG LQ WKH SODQ
QLQJ DQG FRQVWUXFWLRQ RI WKH DFFHOHUDWRUV DQG DVVRFLDWHG
H[SHULPHQWV)$,5 ZLOO EH UHDOL]HG LQ D VWHSZLVH DSSURDFK
7KH 0RGXODUL]HG 6WDUW 9HUVLRQ FRPSULVLQJ WKH +HDY\,RQ
6\QFKURWRQ 6,6 WKH DQWLSURWRQ IDFLOW\ WKH 6XSHUFRQ
GXFWLQJ )UDJPHQW 6HSDUDWRU 6XSHU )56 DQG H[SHULPHQ
WDO DUHDV DQG QRYHO GHWHFWRUV IRU DWRPLF KDGURQ KHDY\
LRQ QXFOHDU DQG SODVPD SK\VLFV DQG DSSOLFDWLRQV LQ PDWH
ULDO VFLHQFHV DQG ELRSK\VLFV LV H[SHFWHG WR EH RSHUDWLRQDO
LQ  &RPSOHWLRQ RI )$,5 LQFOXGLQJ WKH V\QFKURWRQ
6,6 WR IROORZ VRRQ DIWHU
7KH PDLQ WKUXVW RI )$,5 UHVHDUFK IRFXVHV RQ WKH VWUXF
WXUH DQG HYROXWLRQ RI PDWWHU RQ ERWK D PLFURVFRSLF DQG RQ
D FRVPLF VFDOH  EULQJLQJ RXU 8QLYHUVH LQWR RQH ODERUDWRU\
,Q SDUWLFXODU )$,5 ZLOO H[SDQG RXU NQRZOHGJH LQ YDULRXV
VFLHQWLI F I HOGV EH\RQG FXUUHQW IURQWLHUV DGGUHVVLQJ
± WKH LQYHVWLJDWLRQ RI WKH SURSHUWLHV DQG WKH UROH RI WKH
VWURQJ QXFOHDU IRUFH LQ VKDSLQJ EDVLF EXLOGLQJ EORFNV
RI WKH YLVLEOH ZRUOG DURXQG XV DQG LWV UROH LQ WKH HYROX
WLRQ RI WKH XQLYHUVH
± WHVWV RI V\PPHWULHV DQG SUHGLFWLRQV RI WKH VWDQGDUG
PRGHO DQG VHDUFK IRU SK\VLFV EH\RQG LQ WKH HOHFWUR
ZHDN VHFWRU DQG LQ WKH GRPDLQ RI WKH VWURQJ LQWHUDF
WLRQ
± WKHSURSRHUWLHVRIPDWWHUXQGHUH[WUHPHFRQGLWLRQVERWK
DW WKH VXEDWRPLF DV ZHOO DV WKH PDFURVFRSLF VFDOH RI
PDWWHU
± DSSOLFDWLRQV RI KLJKLQWHQVLW\ KLJKTXDOLW\ LRQ DQG DQ
WLSURWRQ EHDPV LQ UHVHDUFK DUHDV WKDW SURYLGH WKH EDVLV
IRURUGLUHFWO\DGGUHVVHVLVVXHVRIDSSOLHGVFLHQFHVDQG
WHFKQRORJ\
7KH EDVLV IRU WKH UHDOL]DWLRQ RI WKHVH ZLGHVSUHDG DQG
SDWKEUHDNLQJ UHVHDUFK DFWLYLWLHV DUH ZRUOGZLGH XQLTXH DF
FHOHUDWRU DQG H[SHULPHQWDO IDFLOLWLHV )LJ  )$,5 ZLOO
)LJ  7KH )DFLOLW\ IRU $QWLSURWRQ DQG ,RQ 5HVHDUFK
DOORZ LQ FRPSDULVRQ WR WKH H[LVWLQJ *6, IDFLOLWLHV WR LQ
FUHDVH WKH EHDP LQWHQVLWLHV E\ IDFWRUV WR DQG WKH
EHDPHQHUJLHVE\IDFWRUV0RUHRYHUWKH XVH RIEHDP
FRROLQJ WHFKQLTXHV HQDEOHV WKH SURGXFWLRQ RI DQWLSURWRQ
DQG LRQ EHDPV RI KLJKHVW TXDOLW\ LH ZLWK YHU\ SUHFLVH
HQHUJ\ DQG H[WUHPHO\ I QH SURI OH 8SRQ FRPSOHWLRQ WKH
)$,5 DFFHOHUDWRU FRPSOH[ FDQ VXSSRUW XS WR  H[SHULPHQ
WDO SURJUDPV VLPXOWDQHRXVO\ ZLWK EHDPV RI GLﬀHUHQW LRQ
VSHFLHV LQ JHQXLQH SDUHOOHO RSHUDWLRQ 7KLV XQLTXH IHDWXUH
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WKH YDULRXV DFFXPXODWRU FROOHFWRU DQG H[SHULPHQWDO VWRU
DJH ULQJV
,Q WKLV PDQXVFULSW ZH ZLOO GLVFXVV VRPH RI WKH RXW
VWDQGLQJ UHVHDUFK RSSRUWXQLWLHV DW )$,5 FRQFHQWUDWLQJ LQ
WKH VSLULW RI WKLV FRQIHUHQFH RQ IHZERG\ SK\VLFV 7KLV
JLYHV RQO\ D UHVWULFWHG JOLPSVH RQ WKH UHVHDUFK SURJUDP DW
)$,5 RPLWWLQJ LPSRUWDQW DVSHFWV )RU H[DPSOH
± WKH&%0/+$'(6H[SHULPHQW>@ZLOOH[SORUHWKHSKDVH
GLDJUDPRI4XDQWXPFKURPRG\QDPLFV4&'LQWKHUH
JLRQ RI YHU\ KLJK EDU\RQ GHQVLWLHV DQG PRGHUDWH WHP
SHUDWXUHV VXSSOHPHQWLQJUHODWHG SURJUDPVDW WKH 5HOD
WLYLVWLF +HDY\,RQ &ROOLGHU DQG WKH /DUJH +DGURQ &RO
OLGHU ZKLFK SUREH WKH SKDVH GLDJUDP DW KLJK WHPSHU
DWXUHV DQG DOPRVW ]HUR QHW EDU\RQ GHQVLWLHV 7KH DLP
RI &%0/+$'(6 LV WR VWXG\ WKH QXFOHDU PDWWHU HTXD
WLRQRIVWDWH WRVHDUFKIRUWKHSUHGLFWHGI UVWRUGHUSKDVH
WUDQVLWLRQEHWZHHQKDGURQLFDQGSDUWRQLFPDWWHUDQG WR
VHDUFK IRU WKH 4&' FULWLFDO SRLQW DQG WKH FKLUDO SKDVH
WUDQVLWLRQ
± WKH DYDLODELOLW\ RI XQSUHFHGHQWHGO\ LQWHQVH VHFRQGDU\
EHDPVRIVKRUWOLYHGQXFOHLSURYLGHGE\WKH6XSHU)56
RSHQV WKH XQLTXH RSSRUWXQLW\ WR VWXG\ WKH HYROXWLRQ RI
QXFOHDUVWUXFWXUHLQWRWKH\HWXQH[SORUHGWHUULWRU\RIWKH
QXFOHDU FKDUW DQG WR GHWHUPLQH WKH SURSHUWLHV RI PDQ\
VKRUWOLYHG QXFOHL ZKLFK DUH SURGXFHG LQ H[SORVLYH DV
WURSK\VLFDOHYHQWV DQG FUXFLDOO\ LQI XHQFH WKHLU G\QDP
LFV DQG DVVRFLDWHG QXFOHRV\QWKHVLV SURFHVVHV >@
± WKH 3$1'$ H[SHULPHQW >@ DW WKH KLJK HQHUJ\ VWRUDJH
ULQJ+(65ZLOOLQYHVWLJDWHDQWLSURWRQDQQLKLODWLRQUH
DFWLRQVWRVWXG\DEURDGUDQJHRIWRSLFVGHDOLQJZLWKWKH
FRPSOH[ VWUXFWXUH RI KDGURQV +LJK OXPLQRVLWLHV DQG
KLJKSUHFLVLRQZLOO DOORZ XQSUHFHGHQWHGPHDVXUHPHQWV
WR XQGHUVWDQG WKH ELQGLQJ DPRQJ TXDUNV 7KLV ZLOO EH
DFFRPSOLVKHG E\ VWXG\LQJ ERXQG VWDWHV IURP OLJKW WR
KHDY\ TXDUNV LQ WKH YDFXXP DQG LQVLGH KDGURQLF PDW
WHULQ VLQJOH PHVRQVDQG EDU\RQVDQG DV FRQVWLWXHQWVLQ
D QXFOHXV
± IRUSODVPDSK\VLFVWKHDYDLODELOLW\RIKLJKHQHUJ\KLJK
LQWHQVLW\ LRQEHDPV HQDEOHV WKH LQYHVWLJDWLRQ RI +LJK
(QHUJ\ 'HQVH 0DWWHU LQ UHJLPHV RI WHPSHUDWXUH GHQ
VLW\ DQG SUHVVXUHDV WKH\ H[LVW LQVLGHVRI VWDUV DQG ODUJH
SODQHWV EXW ZKLFK KDYH QRW EHHQ H[SHULPHQWDOO\DFFHV
VLEOH VR IDU >@
± IRU DWRPLF SK\VLFV DQG UHODWHG I HOGV WKH QHZ IDFLOLW\
ZLOO SURYLGHWKH KLJKHVWLQWHQVLWLHV RIUHODWLYLVWLF EHDPV
RI ERWK VWDEOH DQG XQVWDEOH KHDY\ QXFOHL LQ FRPELQD
WLRQ ZLWK WKH VWURQJHVW SRVVLEOH HOHFWURPDJQHWLF I HOGV
WKXV DOORZLQJ WR SHUIRUP DWRPLF VSHFWURVFRS\ LQ FULWL
FDODVZHOO DVVXSHUFULWLFDOI HOGVZLWK XWPRVWDFFXUDF\
,Q FRPELQDWLRQ ZLWK QRYHO LQVWUXPHQWDWLRQ QHZ I HOGV
ZLOO EH RSHQHG LQ DGGLWLRQ E\ WKH VWURQJO\ HQKDQFHG
SURGXFWLRQ \LHOGV IRU XQVWDEOH H[RWLF QXFOHL DOORZLQJ
IRU DFFXUDWH WHVWV RI WKH VWDQGDUG PRGHO
± WKH VWXG\ RI WKH ELRORJLFDO HﬀHFWLYHQHVV RI KLJKHQHUJ\
DQG KLJKLQWHQVLW\ EHDPV LV D SUHUHTXLVLWH WR HVWLPDWH
WKH H[SHFWHG UDGLDWLRQ GDPDJH LQGXFHG E\ FRVPLF UD\V
RQ 0RRQ DQG 0DUV PLVVLRQV DQG WR VROYH UHODWHG SUR
WHFWLRQ LVVXHV
,Q WKH IROORZLQJ VHFWLRQV ZH ZLOO SUHVHQW KLJKOLJKWV RI
WKH )$,5 UHVHDUFK SURJUDP LQ IHZERG\ DVSHFWV LQ DWRPLF
KDGURQLF DQG QXFOHDU SK\VLFV
2 Few-body aspects in Nuclear Physics
2.1 Three-body Halo nuclei
/LJKW QXFOHLIDU IURPVWDELOLW\ SURYLGHD ULFK WHVWLQJ JURXQG
IRU QXFOHDUVWUXFWXUH HﬀHFWV WKHUH WKHRUHWLFDO GHVFULSWLRQ
DQG WKH XQGHUO\LQJ IRUFHV ,W LV IRU OLJKW QXFOHL IRU ZKLFK
WKH QHXWURQ GULSOLQH FDQ EH DSSURDFKHG H[SHULPHQWDOO\ DO
UHDG\ QRZDGD\V &OXVWHULQJ DQG IHZERG\ DVSHFWV SOD\ D
SDUWLFXODU UROH LQ WKLV UHJLRQ RI WKH QXFOHDU FKDUW ,I WKH
GULSOLQH LV DSSURDFKHG QXFOHL PLJKW EH ERXQG RQO\ EH
FDXVH RI SDLULQJ )RU WKH FDVHV RI +H DQG /L IRU LQ
VWDQFH WKH VLWXDWLRQ LV IRXQGWKDW WKH LVRWRSHV ZLWK RQH OHVV
QHXWURQ DUH QRW ERXQG 7KHVH VR FDOOHG %RUURPHDQ QXFOHL
PD\ EH GHVFULEHG DV WKUHHERG\V\VWHPV ZKLOH QRQH RI WKH
WZRERG\ VXEV\VWHPV LV ERXQG +H LV WKH EHVW NQRZQ H[
DPSOH ZLWK D FOHDU WKUHHERG\ α + n + n VWUXFWXUH ZKLFK
ZH ZLOO GLVFXVV DV DQ H[DPSOH KHUH 7KH α FRUH LV YHU\
WLJKWO\ ERXQG ZKLOH WKH n VHSDUDWLRQ WKUHVKROG IRU +H LV
OHVV WKDQ  0H9 JLYLQJ ULVH WR D UDWKHU H[WHQGHG QHXWURQ
GHQVLW\ GLVWULEXWLRQ &KDUJH DQG PDWWHU UDGLL KDYH EHHQ
PHDVXUHG E\ GLﬀHUHQW H[SHULPHQWDO WHFKQLTXHV VXSSRUWLQJ
WKH SLFWXUH RI +H EHLQJ D n +DOR QXFOHXV $Q LQWHUHVW
LQJ REVHUYDEOH ZKLFK LV VHQVLWLYH WR WKH JHRPHWULFDO VWUXF
WXUH RI VXFK D WKUHHERG\ V\VWHP LV WKH GLSROH VWUHQJWK DV
VRFLDWHG WR WKH VHSDUDWLRQ RI WKH QHXWURQV IURP WKH FRUH
:H VKRZ LQ )LJXUH  DQ H[DPSOH RI D PHDVXUHPHQW RI WKH
GLﬀHUHQWLDO HOHFWURPDJQHWLF H[FLWDWLRQ FURVV VHFWLRQ IURP
ZKLFK WKH GLSROH VWUHQJWK GLVWULEXWLRQ FDQ EH H[WUDFWHG DV
VKRZQ LQ WKLV )LJXUH 7KH H[SHULPHQW KDV EHHQ SHUIRUPHG
DW *6, XVLQJ D  0H9/X +H EHDP >@ LPSLQJLQJ RQ
D OHDG WDUJHW 7KH LQWHJUDWHG VWUHQJWK LQ WKLV HQHUJ\ UH
)LJ  'LSROHVWUHQJWK GLVWULEXWLRQ LQ +H 7KH VKDGHG DUHD UH
I HFWV WKH H[SHULPHQWDO UHVXOW REWDLQHG IURP D &RXORPE EUHDNXS
H[SHULPHQW >@ WKH GDVKHG DQG GRWWHG FXUYHV GLVSOD\ UHVXOWV
IURP WKH WKUHHERG\ PRGHOV RI 5HIV >@ DQG >@ UHVSHFWLYHO\
)LJXUH IURP 5HI >@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)LJ  'HQVLW\ GLVWULEXWLRQ IRU +H DV FDOFXODWHG LQ D WKUHHERG\
PRGHO >@
JLRQ H[KDXVWVWKH HQHUJ\ZHLJKWHGFOXVWHU VXP UXOH ZKLFK
UHIHUV WR WKH UHODWLYH GLSROH PRWLRQ EHWZHHQ WKH FRUH DQG
WKH KDOR QHXWURQV 7KH QRQHQHUJ\ ZHLJKWHG VXP UXOH RQ
WKH RWKHU KDQG LV UHODWHG WR WKH GLVWDQFH EHWZHHQ WKH FHQ
WHU RI PDVV RI WKH WZR QHXWURQV DQG WKDW RI WKH ZKROH QX
FOHXVDQGLV WKXVVHQVLWLYHWR WKHVSDWLDOGLVWULEXWLRQLQFOXG
LQJ QHXWURQQHXWURQ FRUUHODWLRQV LQ WKH JURXQG VWDWH ZDYH
IXQFWLRQ)LJXUH VKRZVWKH VSDWLDOGHQVLW\GLVWULEXWLRQIRU
+H DV FDOFXODWHG LQ D WKUHHERG\ PRGHO >@ 2QH REVHUYHV
FOHDUO\ WZR FRPSRQHQWV RQH FRUUHVSRQGLQJ WR D YHU\ SUR
QRXQFHG ¶GLQHXWURQ¶ FRUUHODWLRQ )URP WKH GDWD D YDOXH
rα−n= ± IP LV GHGXFHG IRU WKH UPV GLVWDQFH EH
WZHHQ WKH α FRUH DQG WKH WZR QHXWURQV ZKLFK LV LQ JRRG
DJUHHPHQWZLWK WKH WKUHHERG\PRGHOV WKXVVXSSRUWLQJWKH
GHVFULSWLRQ RI +H E\ WKH WKUHHERG\ PRGHOV LQFOXGLQJ D
VWURQJ n − n VSDWLDO FRUUHODWLRQ
2.2 Few-body nuclear systems beyond the dripline
,Q D VLPLODU PDQQHUWKH GHFD\ RI XQERXQGV\VWHPV EH\RQG
WKH GULSOLQHFDQEH VWXGLHGE\NLQHPDWLFDOO\FRPSOHWHPHD
VXUHPHQWVRI UHDFWLRQVZLWK UDGLRDFWLYHEHDPV %HVLGHV WKH
UHFRQVWUXFWLRQRIWKHUHODWLYHHQHUJ\VSHFWUDH[KLELWLQJUHV
RQDQFH VWUXFWXUHV LQ WKH FRQWLQXXP LI SUHVHQW DOVR DQJXODU
FRUUHODWLRQV LQ WKH GHFD\ RI VXFK IHZERG\ V\VWHP PD\ EH
REVHUYHG $Q H[DPSOH LV WKH VXSHUKHDY\K\GURJHQ + +
LV XQERXQGDQG GHFD\VLQWR D WULWRQ SOXVWZR QHXWURQVFRQ
VWLWXWLQJ DJDLQ D WKUHHERG\ V\VWHP ,Q D KLJKHQHUJ\ UHDF
WLRQ + FDQ EH SURGXFHG IRU LQVWDQFH LQ D SURWRQ NQRFNRXW
UHDFWLRQ IURP +H 2EVHUYLQJ WKH WKUHH SDUWLFOHV LQ WKH I 
QDO FKDQQHO DOORZV UHFRQVWUXFWLQJ WKH LQYDULDQWPDVV VSHF
WUXP $ UHVXOW IURPDQ H[SHULPHQWSHUIRUPHGDW WKH /$1'
VHWXS DW *6, LV VKRZQ LQ )LJXUH  $ EURDG SHDNOLNH VWUXF
WXUH LV REVHUYHG DW DURXQG  0H9 ZKLFK LV LQ JRRG DJUHH
PHQW ZLWK D WKUHHERG\ PLFURVFRSLF FDOFXODWLRQ >@ DV
VXPLQJ D t + n + n VWUXFWXUH ZLWK D JURXQGVWDWH VSLQ RI
Iπ = /+ 7KHGDWD KDYH EHHQIXUWKHUDQDO\]HGE\ LQVSHFW
LQJ WKH HQHUJ\ DQG DQJXODU FRUUHODWLRQV LQ WKH WKUHHERG\
)LJ  ,QYDULDQWPDVV VSHFWUXP Etnn FRQVWUXFWHG IURP WKH FRLQFL
GHQW PHDVXUHPHQW RI WULWRQ DQG WZR QHXWURQV DIWHU D RQHSURWRQ
NQRFNRXW UHDFWLRQ RI D  0H9/QXFOHRQ +H EHDP LQ D FDUERQ
WDUJHW 7KH FXUYHV GLVSOD\ PLFURVFRSLF WKUHHERG\ FDOFXODWLRQV
>@ DVVXPLQJ GLﬀHUHQW JURXQGVWDWH VSLQV IRU + DV LQGLFDWHG
)URP 0HLVWHU et al. >@
)LJ  3UREDELOLW\ GLVWULEXWLRQ W ,cosϑ ZLWK DPSOLWXGHV
UHVXOWLQJ IURP D I W RI D VHULHV H[SDQVLRQ RI WKH I QDOVWDWH
ZDYH IXQFWLRQ WR WKH H[SHULPHQWDO FRUUHODWLRQ VSHFWUD 7KH LQVHW
VNHWFKHV WKH XVHG -DFREL FRRUGLQDWH V\VWHP )URP 0HLVWHU et al.
>@
GHFD\ RI + 7KH GLVWULEXWLRQV DUH FRQVWUXFWHG IRU WZR GLI
IHUHQW -DFREL FRRUGLQDWH V\VWHPV DQG I WWHG E\ WKHRUHWLFDO
RQHV GHULYHG IURP D WUXQFDWHG VHULHV H[SDQVLRQ RI WKH
I QDOVWDWH ZDYH IXQFWLRQ LQWR K\SHUVSKHULFDO KDUPRQLFV
)URP D VLPXOWDQHRXV I W RI HQHUJ\ DQG DQJXODU GLVWULEX
WLRQV LQ ERWK -DFREL FRRUGLQDWH IUDPHV WKH SUREDELOLW\ GLV
WULEXWLRQV W ,cosϑ DUH REWDLQHG >@ )LJXUH  VKRZV
WKH UHVXOW IRU RQH -DFREL V\VWHP DV LQGLFDWHG LQ WKH LQVHW
7KH n − n UHODWLYH HQHUJ\   = Enn/Etnn LV JLYHQ LQ XQLWV RI
WKHWRWDODYDLODEOHNLQHWLFHQHUJ\ Etnn LQWKHWKUHHERG\V\V
WHP 7KH FRUUHODWLRQ IXQFWLRQ H[KLELWV WZR PD[LPD FRUUH
VSRQGLQJ WR WKH WZR FRQI JXUDWLRQV ZKHUH WKH QHXWURQV DUH
FORVH WRJHWKHU ³GLQHXWURQ´ FRQI JXUDWLRQ DQG IDU DSDUW
IURP HDFK RWKHU ³FLJDUOLNH´ FRQI JXUDWLRQ UHVSHFWLYHO\
VLPLODU WR WKH +H FDVH GLVFXVVHG DERYH 7KH H[DPSOHV
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GHPRQVWUDWH WKDW NLQHPDWLFDO FRPSOHWH PHDVXUHPHQWV RI
UHDFWLRQV ZLWK KLJKHQHUJ\UDGLRDFWLYH EHDPV DUH D SRZHU
IXO WRRO WR LQYHVWLJDWH IHZERG\ FRUUHODWLRQV RI H[RWLF V\V
WHPV 7KH VWXG\ RI WKUHHERG\ FRUUHODWLRQV LQ WKH GHFD\
RI XQERXQG QXFOHDU V\VWHPV EH\RQG WKH QHXWURQ GULSOLQH
LV SDUWLFXODUO\ XVHIXO WR REWDLQ LQIRUPDWLRQ RQ WKH FKDU
DFWHU RI WKH XVXDOO\ EURDG UHVRQDQFHV LQ WKH FRQWLQXXP
7KH PHWKRG KDV EHHQ DSSOLHG UHFHQWO\ WR KHDY\ +H DQG
/L LVRWRSHV EH\RQG WKH GULSOLQH >@ *LYHQ WKH PXFK
KLJKHU SULPDU\EHDP LQWHQVLWLHV H[SHFWHG DW WKH )$,5 ID
FLOLW\ WKH LQYHVWLJDWLRQ RI OLJKW QXFOHL DW DQG EH\RQG WKH
QHXWURQ GULSOLQH FDQ EH H[WHQGHG WR KHDYLHU V\VWHPV 7KH
QH[WJHQHUDWLRQ LQVWUXPHQWDWLRQ DV SODQQHG IRU WKH 5%
VHWXS DW )$,5 ZLOO LQ DGGLWLRQ DOORZ IRU GHWHFWLQJ LQ DGGL
WLRQ UHDFWLRQFKDQQHOVZLWK PRUHQHXWURQVLQ WKH I QDO VWDWH
0XOWLQHXWURQGURSOHWVIRUPHGLQUHDFWLRQVRIOLJKWGULSOLQH
QXFOHL LV DQ H[DPSOH
2.3 Clustering in Nuclei
7KH KDOR QXFOHL DV GLVFXVVHG DERYH DUH FOXVWHUHG V\VWHPV
,Q SDUWLFXODU WKH α FOXVWHULQJ LQ QXFOHL KDV DWWUDFWHG PXFK
LQWHUHVW LQWKH SDVW7KH TXDVLIUHHNQRFNRXWUHDFWLRQRI QX
FOHRQV RU FOXVWHUV LV DQ DSSURSULDWH WRRO WR H[WUDFW VSHFWUR
VFRSLF IDFWRUV 5HFHQWO\ DQ H[SHULPHQWDO VFKHPH KDV EHHQ
GHYHORSHG IRU WKH NLQHPDWLFDOO\ FRPSOHWH PHDVXUHPHQW RI
TXDVLIUHH VFDWWHULQJ RI SURWRQV LQ LQYHUVH NLQHPDWLFV DW
KLJK HQHUJ\ ZKLFK LV DSSOLFDEOH IRU UDGLRDFWLYH EHDPV
)LUVW H[SHULPHQWV KDYH EHHQ FDUULHG RXW DW WKH /$1'5%
IDFLOLW\ DW *6, 7KH VWXG\ RI QXFOHRQ NQRFNRXWUHDFWLRQVDV
SS DQG SSQ ZLOO JLYH LQVLJKW LQWR WKH VLQJOHSDUWLFOH
VWUXFWXUH RI QXFOHL IDU IURP VWDELOLW\ ,Q SDUWLFXODU WKH UH
GXFWLRQ RI VLQJOHSDUWLFOH RFFXSDQFLHV UHODWHG WR QXFOHRQ
QXFOHRQFRUUHODWLRQVZLOOEHVWXGLHGDVDIXQFWLRQRIQHXWURQ
SURWRQ DV\PPHWU\7KH PHWKRG FDQ DOVR EH XVHG IRU VWXG\
LQJ FOXVWHULQJ LQ QXFOHL E\ XWLOL]LQJ HJ WKH SSα UHDF
WLRQ &KXONRY etal. >@ KDYH DQDO\]HG NQRFNRXW UHDFWLRQ
FKDQQHOV IURP +H IURP DQ H[SHULPHQW ZKLFK ZDV RSWL
PL]HG IRU WKH PHDVXUHPHQW RI HODVWLF S VFDWWHULQJ Rﬀ +H
5HFRLO SURWRQV DUH GHWHFWHG LQ WKH DFWLYH K\GURJHQ WDUJHW
)LJXUH  VKRZV WKH DQJXODU FRUUHODWLRQV RI UHFRLOLRQJ SUR
WRQV DQG α SDUWLFOHV LQ WKH UHDFWLRQ +H+p → α + p + X
7ZR GLVWLQFW UHJLRQV DUH LGHQWLI HG ZKLFK DUH DWWULEXWHG WR
NQRFNRXW RI D QHXWURQ RU DQ α SDUWLFOH IURP +H UHVSHF
WLYHO\ )URP WKLV PHDVXUHPHQW D VSHFWURVFRSLF IDFWRU IRU
WKH α FOXVWHU FORVH WR XQLW\ KDV EHHQ H[WUDFWHG DV H[SHFWHG
IRU +HZKLFKH[KLELWVD UDWKHUFOHDQα+n+n FOXVWHUVWUXF
WXUH DV GLVFXVVHG DW WKH EHJLQQLQJ RI WKLV VHFWLRQ 6XFK H[
SHULPHQWVDUH EHLQJ SODQQHGWR EH SHUIRUPHGDW WKH SUHVHQW
/$1'5% VHWXS XWLOL]LQJ D SURWRW\SH GHWHFWLRQ VFKHPH
IRUWKHPHDVXUHPHQWRITXDVLIUHHNQRFNRXWUHDFWLRQV7KLV
PHWKRG ZLOO H[SORLW LWV IXOO SRWHQWLDO RQFH WKH 5% H[SHUL
PHQW DW )$,5 ZLOO JR LQWR RSHUDWLRQ
)LJ  &RUUHODWLRQV EHWZHHQ DQJOHV RI UHFRLO SURWRQV DQG α
SDUWLFOHV LQ WKH + + +H UHDFWLRQ DW DURXQG  0H9/X >@
7KH WZR GLVWLQFW UHJLRQV DUH DVVRFLDWHG WR TXDVLIUHH NQRFNRXW RI
D QHXWURQ RU α SDUWLFOH IURP +H )URP &KXONRY et al. >@
3 Few-body aspects in Hadron Physics
3.1 QCD bound states
7KH VWXG\ RI 4&' ERXQG VWDWHV LV RI IXQGDPHQWDO LPSRU
WDQFH IRU D EHWWHU TXDQWLWDWLYH XQGHUVWDQGLQJRI 4&' 3DU
WLFOHVSHFWUDFDQEHFRPSXWHGZLWKLQWKHIUDPHZRUNRIQRQ
UHODWLYLVWLFSRWHQWLDOPRGHOVHﬀHFWLYHI HOGWKHRULHVDQG/DW
WLFH 4&' /4&' 3UHFLVLRQ PHDVXUHPHQWV DUH QHHGHG WR
GLVWLQJXLVK EHWZHHQ WKH GLﬀHUHQW DSSURDFKHV DQG LGHQWLI\
WKH UHOHYDQW GHJUHHV RI IUHHGRP
7KH VSHFWUXP RI FKDUPRQLXP OLNH ERWWRPRQLXP LV
YHU\ VLPLODU DSDUW IURP WKH VFDOH WR WKH VSHFWUXP RI
SRVLWURQLXP ,W LV WKHUHIRUH VXJJHVWLYH WR DVVXPH WKDW cc
DQ bb VR FDOOHG FRQYHQWLRQDO PHVRQV FDQ EH XQGHUVWRRG
LQ WKH VWURQJLQWHUDFWLRQLQ DQ DQDORJXHZD\ DVSRVLWURQLXP
LQ HOHFWURZHDN LQWHUDFWLRQV 7KLV ZRXOG LPSO\ D &RXORPE
OLNH SRWHQWLDO DQG D WHUP ZKLFK WDNHV FDUH RI OLQHDU FRQ
I QHPHQW ZKLFK LV E\ IDU QRW VXﬃFLHQW WR H[SODLQ WKH VSHF
WUXP RI KDGURQV 7KH FRKHUHQW H[FKDQJH RI JOXRQV ZKLFK
PDQLIHVW LQ D JOXRQ WXEH LV DQ LPSRUWDQW DVSHFW ZKHQ RQH
ZDQWV WR XQGHUVWDQG WKH ELQGLQJ DPRQJ VWURQJO\ LQWHUDFW
LQJSDUWLFOHV7RJHWKHUZLWKPHVLFH[FLWDWLRQVDQGSXUHJOX
RQLF VWDWHV ZKLFK DUH SRVVLEOH LQ 4&' WKH\ DUH DUH XVXDOO\
SUHVHQW LQ WKH ZDYH IXQFWLRQ RI KDGURQV DQG DUH RIWHQ UH
IHUUHG WR DV )RFN6WDWHV RI WKH JURXQG VWDWH PHVRQ 7KH
)RFN6WDWHV PD\ GHFRXSOH IURP WKH JURXQG VWDWH DQG WKXV
EHLQJ LQGLYLGXDOO\ REVHUYDEOH DV LQGLYLGXDO VWDWHV 7KHUH
IRUH WKH 4&' VSHFWUXP LV ULFKHU WKDQ WKDW RI WKH QDLYH
TXDUN PRGHO VHH )LJ 
:HGLVWLQJXLVKFRQYHQWLRQDOJOXRQLFDQGPHVLFKDGURQV
ZKLFKDUHGHWHUPLQHGE\WKHORQJGLVWDQFHIHDWXUHVRI4&'
&RQYHQWLRQDO KDGURQV DUH PDGH RXW RI FRQVWLWXHQW TXDUNV
ZLWK VLQJOH JOXRQ H[FKDQJH EHLQJ UHVSRQVLEOH IRU WKH ELQG
LQJ SHUWXUEDWLYH DSSURDFK *OXRQLF KDGURQV IDOO LQWR WZR
FDWHJRULHV JOXHEDOOV DQG K\EULGV *OXHEDOOV DUH SUHGRPL
QDQWO\ H[FLWHG VWDWHV RI JOXH ZKLOH K\EULGV DUH UHVRQDQFHV
FRQVLVWLQJ ODUJHO\ RI D TXDUN DQ DQWLTXDUN DQG H[FLWHG
01006-p.4WK ,QWHUQDWLRQDO ,83$3 &RQIHUHQFH RQ )HZ%RG\ 3UREOHPV LQ 3K\VLFV
)LJ  &KDUPRQLXP VSHFWUXP IURP /4&' 6HH >@ IRU GHWDLOV
JOXH 0HVLF KDGURQV DUH GLPHVRQV DQG/RU WHWUDTXDUNV RI
WHQ UHIHUUHG WR DV PXOWLTXDUNVRU EDU\RQLXP7KH\ PD\ EH
YLHZHG DV D ORRVHO\ ERXQG PHVRQDQWLPHVRQ V\VWHP RU D
GLTXDUNDQWLGLTXDUNHQVHPEOH
7KH VHDUFK IRU JOXHEDOOV DQG K\EULGV KDV VR IDU PDLQO\
EHHQ UHVWULFWHG WR WKH PDVV UHJLRQ EHORZ *H9/c( [ 
SHULPHQWDOO\ LW ZRXOG EH YHU\ UHZDUGLQJ WR JR WR KLJKHU
PDVVHV EHFDXVH RI WKH XQDYRLGDEOH SUREOHPV GXH WR WKH
KLJK GHQVLW\ RI QRUPDO qq PHVRQV EHORZ *H9/c
7KHJOXHWXEHEHWZHHQTXDUNVRIWHQUHIHUUHGWRDVI X[
WXEH LV D PDQLIHVWDWLRQ RI WKH QRQSHUWXUEDWLYH FKDUDFWHU
RI WKH LQWHUDFWLRQ ,W DGGV GHJUHHV RI IUHHGRP ZKLFK PD\
PDQLIHVW LQ YLEUDWLRQV RI WKH WXEH 7KHVH REMHFWV DUH FDOOHG
K\EULGV VLQFH WKH\ FDUU\ PHVRQLF DQG JOXRQLF DVSHFWV DV
QRQWZRERG\ V\VWHP 7KH KLJKHU WKH H[FLWDWLRQ WKH PRUH
XQLWV RI DQJXODU PRPHQWXP DUH FDUULHG 7KHVH GLﬀHUHQW
OHYHOV RI H[FLWDWLRQ FDQ EH WUDQVODWHG LQWR GLﬀHUHQW SRWHQ
WLDOV RQH IRU HDFK PRGH )LJ  VKRZV WKLV WRJHWKHU ZLWK
WKH FRUUHVSRQGLQJ ZDYH IXQFWLRQV
7KHDGGLWLRQDOGHJUHHVRIIUHHGRPe.g.WKHYLEUDWLRQRI
WKH JOXH WXEHPDQLIHVW WKHPVHOYHV DOVR LQ D FRQWULEXWLRQWR
WKH TXDQWXP QXPEHUV RI WKH WRSRORJ\ ,Q WKH VLPSOHVW VFH
QDULR WKLV FRUUHVSRQGVWR DGGLQJ WKH TXDQWXPQXPEHUVRI D
JOXRQJP=+ RU− GHSHQGLQJRQLILWLVDFRORXUHOHFWULFRU
FRORXUPDJQHWLF H[FLWDWLRQ WR D VLPSOH qq SDLU 7KHUHIRUH
WKH\ DUH RIWHQ UHIHUUHG WR DV K\EULGV 7KLV SURFHGXUH FUH
DWHV e.g. IRU 6ZDYH PHVRQV  ORZHVW O\LQJ K\EULG VWDWHV
$QLPSRUWDQWH[SHULPHQWDODVSHFWKHUHLVWKDWRXWRIWKHVH
 VWDWHV H[KLELW TXDQWXP QXPEHUV ZKLFK FDQQRW EH IRUPHG
E\ D QRUPDO qq SDLU 7KHUHIRUH WKHVH TXDQWXP QXPEHUVDUH
FDOOHG H[RWLF ([RWLF FKDUPRQLDDUH H[SHFWHGWR H[LVW LQ WKH
±*H9/c PDVV UHJLRQ ZKHUH WKH\ FRXOG EH UHVROYHG DQG
LGHQWLI HG XQDPELJXRXVO\
$OO PRGHOV DJUHH WKDW WKH OLJKWHVW H[RWLF VWDWH ZRXOG
EH −+ 3UHGLFWLRQV IURP /4&' DUH DURXQG *H9 /c, Q
DGGLWLRQ WR WKH OLJKWHVW H[RWLF VWDWH WKHUH DUH VHYHQ RWKHU
KLGGHQ FKDUPHG K\EULGV WR EH GLVFRYHUHG 7KH ZHOO DF
FHSWHG SLFWXUH LV WKDW WKH TXDUWHW −−−+ LV ORZHU LQ
PDVV WKDQ +++− 7KH H[SHFWHG VSOLWWLQJ LV DERXW
0H9 IURP −+ WR +− >@ ,Q DGGLWLRQ WKHUH LV
I QHVSOLWWLQJ ZLWKLQ WKH K\EULG WULSOHWV VR WKDW WKH OHYHOV
)LJ  D +HDY\ TXDUNRQLXP SRWHQWLDOV DQG ZDYH IXQFWLRQV IRU
GLﬀHUHQW H[FLWDWLRQ OHYHOV IURP /4&' Σ GHQRWHV QRUPDO RQH
JOXRQ H[FKDQJH ZKLOH WKH H[FLWHG Π SRWHQWLDOV DUH WKH ORZHVW O\
LQJ K\EULG SRWHQWLDOV ,Q WKDW FDVH WKH DWWUDFWLRQ LV QRW PHGLDWHG
E\ D VLQJOH JOXRQ EXW D VWULQJ RI JOXRQV ZKLFK FDUU\ DQJXODU PR
PHQWXP E VKRZV WKH FKDUPRQLXP VSHFWUXP IURP /4&' 7KH
FRQYHQWLRQDO FKDUPRQLXP VWDWHVDUH RQ WKH ULJKW ZKLOHWKH K\EULGV
DUH IRXQG LQ FROXPQ Πu DQG Σ−
u  6HH >@ IRU GHWDLOV
DUH VSUHDG RYHU D IHZ KXQGUHG 0H9 e.g. *H9/c IRU
−+ DQG *H9/c IRU −+>   @Z K L F KZ D VY H U L IH GE \
ODWWLFH 4&' >@ 7KH DFWXDO VLJQDWXUH LV WKHUHIRUH QRW MXVW
DQ LQGLYLGXDO VWDWH EXW DOVR WKH SDWWHUQ RI WKH VWDWHV
)URP H[SHULPHQWV DW /($5 ZH NQRZ WKDW SURGXFWLRQ
UDWHV RI VXFK qq VWDWHV DUH VLPLODU WR WKRVH RI VWDWHV ZLWK
H[RWLF TXDQWXP QXPEHUV 7KXV ZH HVWLPDWH WKDW WKH FURVV
VHFWLRQV IRU WKH IRUPDWLRQ DQG SURGXFWLRQ RI FKDUPRQLXP
K\EULGV ZLOO EH VLPLODU WR WKRVH RI QRUPDO FKDUPRQLXP
VWDWHV ZKLFK LV LQ WKH RUGHU RI QE
3.2 Non-perturbative QCD dynamics
,QWKHTXDUNSLFWXUHK\SHURQSDLUSURGXFWLRQHLWKHULQYROYHV
WKH FUHDWLRQ RI D TXDUNDQWLTXDUN SDLU RU WKH NQRFN RXW
RI VXFK SDLUV RXW RI WKH QXFOHRQ VHD +HQFH WKH FUHDWLRQ
PHFKDQLVP RI TXDUNDQWLTXDUNSDLUVDQG WKHLU DUUDQJHPHQW
WR KDGURQVFDQEH VWXGLHGE\ PHDVXULQJWKH UHDFWLRQVRIWKH
W\SH SS → YYZ K H U HY GHQRWHV D K\SHURQ %\ FRPSDULQJ
VHYHUDOUHDFWLRQVLQYROYLQJGLﬀHUHQWTXDUNI DYRXUVWKH2=,
UXOH DQG LWV SRVVLEOH YLRODWLRQ FDQ EH WHVWHG IRU GLﬀHUHQW
OHYHOV RI GLVFRQQHFWHG TXDUNOLQH GLDJUDPV VHSDUDWHO\
$Q HﬀHFWLYH GHVFULSWLRQ RI UHDFWLRQV LQ KDGURQ SK\VLFV
UHOLHV RQ WKH LGHQWLI FDWLRQ RI WKH UHOHYDQW GHJUHHV RI IUHH
GRP $W KLJKHVW HQHUJLHV TXDUN DQG JOXRQ GHJUHHV RI IUHH
GRP VHHP WR GHVFULEH WKH REVHUYHG UHDFWLRQV YHU\ DFFX
UDWHO\ 7KH HQHUJ\UHJLPHIRU SS FROOLVLRQV DW +(65 LV ZHOO
VXLWHG WR VWXG\ WKH RQVHW RI KDGURQ GHJUHHV RI IUHHGRP ,Q
WKLV UHJLPH ERWK ans¨ atze DUH YLDEOH 7KXV WKH\ FDQ EH H[
SHULPHQWDOO\ WHVWHG VHSDUDWHO\ DQG FRPSDUHG WR HDFK RWKHU
7KH SDULW\ YLRODWLQJ ZHDN GHFD\ RI PRVW JURXQG VWDWH
K\SHURQV LQWURGXFHV DQ DV\PPHWU\ LQ WKH GLVWULEXWLRQ RI
WKH GHFD\ SDUWLFOHV 7KLV LV TXDQWLI HG E\ WKH GHFD\ DV\P
PHWU\ SDUDPHWHU DQG JLYHV DFFHVV WR VSLQ GHJUHHV RI IUHH
01006-p.5(3- :HE RI &RQIHUHQFHV
GRP IRU WKHVH SURFHVVHV ERWK WR WKH DQWLK\SHURQ/K\SHURQ
SRODULVDWLRQ DQG VSLQ FRUUHODWLRQV 2QH RSHQ TXHVWLRQ LV
KRZ WKHVH REVHUYDEOHV UHODWH WR WKH XQGHUO\LQJ GHJUHHV RI
IUHHGRP
$OO VWUDQJH K\SHURQV DV ZHOO DV VLQJOH FKDUPHG K\SHU
RQV DUH HQHUJHWLFDOO\ DFFHVVLEOH LQ SS FROOLVLRQV DW +(65
$ V\VWHPDWLF LQYHVWLJDWLRQ RI WKHVH UHDFWLRQV ZLOO EULQJ
QHZ LQIRUPDWLRQ RQ VLQJOH DQG PXOWLSOH VWUDQJHQHVV SUR
GXFWLRQ DQG LWV GHSHQGHQFH RQ VSLQ REVHUYDEOHV 7KLV LV
SDUWLFXODUO\ WUXH DERYH *H9/c ZKHUH SUDFWLFDOO\ QRWKLQJ
LV NQRZQ DERXW WKH GLﬀHUHQWLDO GLVWULEXWLRQV DQG VSLQ RE
VHUYDEOHV 7KH ODUJH DPRXQW RI REVHUYDEOHV DFFHVVLEOH DQG
WKH KLJK VWDWLVWLFV 3$1'$ GDWD ZLOO DOORZ IRU D SDUWLDO
ZDYH DQDO\VLV 7KXV LW ZLOO EH SRVVLEOH WR SLQ GRZQ UHO
HYDQW TXDQWXP QXPEHUV FRXSOLQJ FRQVWDQWV DQG SRVVLEO\
I QG QHZ UHVRQDQFHV
$V VHHQ IURP )LJ  DQ\ PHDVXUHPHQW RI K\SHURQ SDLU
SURGXFWLRQLQ WKH 3$1'$ HQHUJ\UHJLPH ZLOO VLJQLI FDQWO\
LPSURYHWKH GDWD VHW (YHQ LQ ΛΛ SURGXFWLRQZKHUH D ODUJH
GDWD VHW H[LVWV GDWD SRLQWVDW PRPHQWDDERYH*H9/c DQG D
FURVV FKHFN DW ORZ PRPHQWD ZRXOG KHOS XQGHUVWDQGLQJWKH
SURGXFWLRQPHFKDQLVP)RUDOORWKHUK\SHURQSDLUV3$1'$
ZLOO SURYLGH WKH I UVW FRQFOXVLYH LQVLJKWV RQ WKH EHKDYLRXU
RI WKH WRWDO FURVV VHFWLRQ DQG I UVW GLﬀHUHQWLDO FURVV VHF
WLRQV 7KH YHU\ I UVW PHDVXUHPHQWV FDQ EH SURYLGHG IRU WKH
SDLU SURGXFWLRQ RI FKDUPHG K\SHURQV
6SLQ REVHUYDEOHV IRU WKH ΞΞ UHDFWLRQ FDQ EH H[WUDFWHG
V L P L O D U O \W RW K HΛΛ FDVH 7KLV ZLOO DOORZ IRU GHWDLOHG FRP
SDULVRQV EHWZHHQ WKH ss DQG ssss FUHDWLRQ SURFHVVHV $
FRPSDULVRQ EHWZHHQ WKH ΛΛ FKDQQHO ZKLFK I OWHUV LVRVSLQ
I =  WR WKH ΛΣ FKDQQHO LQFOXGLQJ LWV FKDUJH FRQMXJDWH
FKDQQHO ZKLFK IRUFHV I =  JLYHV RSSRUWXQLWLHV WR VWXG\
WKH LVRVSLQ GHSHQGHQFH RI VWUDQJHQHVV SURGXFWLRQ ,Q WKH
QDLYH TXDUN PRGHO WKH VSLQ RI WKH Σ LV RSSRVLWH WR WKDW
RI LWV FRQVWLWXHQW VWUDQJH TXDUN 7KLV VKRXOG OHDG WR GLﬀHU
HQFHV LQ WKH VSLQ FRUUHODWLRQV LI WKH\ DUH UHODWHG WR WKH VSLQ
VWDWH RI WKH FUHDWHG ssSDLU 6WXGLHV RQ WKH SURGXFWLRQ RI
FKDUPHG K\SHURQV ZLOO DOORZ IRU GHWDLOHG FRPSDULVRQV EH
WZHHQ WKH cc DQG WKH ss FUHDWLRQ SURFHVVHV 7KLV PD\ KHOS
WR GLVHQWDQJOH WKH SHUWXUEDWLYH FRQWULEXWLRQV IURP WKH QRQ
SHUWXUEDWLYH RQHV DV WKH FKDUP SURGXFWLRQ ZLOO EH PDLQO\
SURELQJ WKH KDUG SURFHVVHV ZKLOH WKH VWUDQJHQHVV SURGXF
WLRQ ZLOO EH LQI XHQFHG E\ QRQSHUWXUEDWLYHHﬀHFWV
3.3 Hadrons in Nuclear Matter
7KH VWXG\ RI KDGURQ SURSHUWLHV DW I QLWH QXFOHDU GHQVLWLHV
KDV D ORQJ KLVWRU\ $V WKH PRVW IXQGDPHQWDO DVSHFW WKH
FKDQJH RI KDGURQ PDVVHV LQVLGH WKH QXFOHDU PHGLXP KDV
EHHQ SURSRVHG WR UHI HFW D PRGLI FDWLRQ RI WKH FKLUDO V\P
PHWU\ EUHDNLQJ SDWWHUQ RI 4&' GXH WR WKH I QLWH GHQVLW\
DQG WKXV WR EH DQ LQGLFDWRU RI FKDQJHV RI TXDUN FRQGHQ
VDWHV ,Q SDUWLFXODU DWWUDFWLYH PDVV VKLIWV UHI HFWLQJ WKH UH
GXFHG TXDUN SDLU FRQGHQVDWH DW I QLWH GHQVLW\ KDYH EHHQ
SUHGLFWHG IRU YHFWRU PHVRQV >@ 7KH PRVW VLJQLI FDQW
PHGLXP HﬀHFWV DUH WKXV H[SHFWHG IRU KDGURQV ZKLFK DUH
DW UHVW RU KDYH D VPDOO PRPHQWXP UHODWLYH WR WKH QXFOHDU
HQYLURQPHQW ZKHUHDV WKH QRQREVHUYDWLRQ RI PDVV VKLIWV
DW KLJK PRPHQWD QRW QHFHVVDULO\ LPSOLHV WKH DEVHQFH RI
QXFOHDU SRWHQWLDOV )RU H[SHULPHQWDO VWXGLHV RI KDGURQ LQ
PHGLXP SURSHUWLHV WKHUHIRUH DSSURSULDWH FRQGLWLRQV RI WKH
UHDFWLRQNLQHPDWLFVKDYHWREHVHOHFWHG'XHWRWKHUHOHDVHG
DQQLKLODWLRQ HQHUJ\ RI DOPRVW  *H9 KDGURQV SURGXFHG LQ
DQWLSURWRQQXFOHRQ FROOLVLRQV PD\ EH LPSODQWHG LQ WKH QX
FOHDU HQYLURQPHQWDW PXFKORZHUPRPHQWDWKDQHJLQSUR
WRQ LQGXFHG UHDFWLRQV
%HVLGHV WKH PDVV VKLIW DOVR WKH FKDQJH RI WKH ZLGWK RI
KDGURQVLQVLGH WKH QXFOHDU PHGLXP LV DQ LPSRUWDQWREVHUY
DEOH ,Q JHQHUDO WKH ZLGWK ZLOO LQFUHDVH GXH WR WKH RSHQLQJ
RI GHFD\ FKDQQHOV ZKLFK DUH QRW DFFHVVLEOH LQ WKH YDFXXP
7KH PHDVXUHPHQW RI WKH PRGLI FDWLRQ RI D KDGURQ¶V ZLGWK
LQ WKH QXFOHDU PHGLXP WKHUHIRUH \LHOGV LQIRUPDWLRQ RQ LWV
LQHODVWLF LQWHUDFWLRQV ZKLFK LV RWKHUZLVH YHU\ GLﬃFXOW WR
DFFHVV IRU XQVWDEOH KDGURQV ,Q WKH FDVH RI YHU\ VKRUWOLYHG
PHVRQV GHFD\LQJ LQVLGH WKH QXFOHXV WKH LQPHGLXP ZLGWK
PD\ EH PHDVXUHG GLUHFWO\ $V DQ DOWHUQDWLYH DSSURDFK WKH
PHDVXUHPHQWRIWKHWUDQVSDUHQF\UDWLRGHWHUPLQHGIURPWKH
SURGXFWLRQ FURVV VHFWLRQ ZLWK GLﬀHUHQW WDUJHW QXFOHL DOORZV
WR GHGXFH WKH LQPHGLXP ZLGWK RI PHVRQV
)RUVRPH REVHUYDEOHVWKH HﬀHFW RIWKH QXFOHDUPHGLXP
EHFRPHVVXUSULVLQJO\VPDOO WKLVLV WKH&RORXUWUDQVSDUHQF\
SKHQRPHQRQZKLFK LV UHODWHG WR WKH JDXJH QDWXUH RI VWURQJ
LQWHUDFWLRQV 7KH VWXG\ RI H[FOXVLYH KDUG UHDFWLRQV LQ D QX
FOHDU PHGLXP FRQVWLWXWHV D ZD\ WR WHVW WKH IDFWRULVDWLRQ RI
D VKRUW GLVWDQFH SURFHVV RFFXUULQJ EHWZHHQ FRORXU QHXWUDO
REMHFWV ZKRVH WUDQVYHUVH VL]H LV FRQWUROOHG E\ WKH KDUGQHVV
RI WKH FROOLVLRQ PHDVXUHG E\ WKH PRPHQWXP WUDQVIHU t
0RUHRYHU WKH QXFOHDU PHGLXP PD\ HYHQ EH DEOH WR I OWHU
RXWWKH QRQ VKRUWGLVWDQFH GRPLQDWHGSDUWRI WKH DPSOLWXGH
7KH HQHUJ\ UDQJH RI WKH +(65 DQG WKH GHWHFWLRQ FD
SDELOLWLHV RI WKH 3$1'$ GHWHFWRU LQ SULQFLSOH DOORZ WR H[
WHQG VWXGLHV RI WKH LQPHGLXP SURSHUWLHV RI KDGURQV LQWR
WKH FKDUP VHFWRU E\ XVLQJ DQWLSURWRQQXFOHXV FROOLVLRQV DV
HQWUDQFH FKDQQHO
$SDUW IURP WKH GHWHUPLQDWLRQ RI QXFOHDU SRWHQWLDOV
RI FKDUPHG KDGURQV VSHFLI F ZHOOGHI QHG SUREOHPV H[LVW
WR ZKLFK WKH VWXG\ RI DQWLSURWRQQXFOHXV FROOLVLRQV ZLWK
3$1'$ FDQ FRQWULEXWH YDOXDEOH LQIRUPDWLRQ $V DQ LP
SRUWDQW LVVXH LQ WKLV UHVSHFW ZH VHH WKH VWLOO RSHQ TXHVWLRQ
RI WKH J/ψN GLVVRFLDWLRQ FURVV VHFWLRQ 7KLV FURVV VHFWLRQ
LV DV \HW H[SHULPHQWDOO\ XQNQRZQ H[FHSW IRU LQGLUHFW LQ
IRUPDWLRQ GHGXFHG IURP KLJKHQHUJ\ J/ψ SURGXFWLRQ IURP
QXFOHDU WDUJHWV
$SDUW IURP EHLQJ D TXDQWLW\ RI LWV RZQ LQWHUHVW WKH
J/ψN GLVVRFLDWLRQ FURVV VHFWLRQ LV FORVHO\ UHODWHG WR WKH
DWWHPSW RI LGHQWLI\LQJ TXDUNJOXRQ SODVPD 4*3 IRUPD
WLRQ LQ XOWUDUHODWLYLVWLF QXFOHXVQXFOHXV FROOLVLRQV $ VLJ
QLI FDQW DGGLWLRQDOVRFDOOHG DQRPDORXVVXSSUHVVLRQ RI WKH
J/ψ \LHOG LQ KLJKHQHUJ\ QXFOHXVQXFOHXV FROOLVLRQV KDG
EHHQ SUHGLFWHG GXH WR FRORXU VFUHHQLQJ RI cĀ c SDLUV LQ D
4*3 HQYLURQPHQW >@ ,Q IDFW WKH &(51636 H[SHUL
PHQWV KDYH REVHUYHG D J/ψ VXSSUHVVLRQ HﬀHFW LQFUHDVLQJ
ZLWK WKH VL]H RI WKH LQWHUDFWLQJ QXFOHDU V\VWHP DQG LQWHU
SUHWHG WKLV DV VLJQDWXUH IRU 4*3 IRUPDWLRQ7KH YDOLGLW\ RI
VXFK DQ LQWHUSUHWDWLRQ LV KRZHYHU EDVHG RQ WKH NQRZOHGJH
RI WKH ´QRUPDO´ VXSSUHVVLRQ HﬀHFW GXH WR J/ψ GLVVRFLDWLRQ
LQ D KDGURQLF HQYLURQPHQW
01006-p.6WK ,QWHUQDWLRQDO ,83$3 &RQIHUHQFH RQ )HZ%RG\ 3UREOHPV LQ 3K\VLFV
)LJ  7RWDO FURVV VHFWLRQV IRU WKH SS → YY UHDFWLRQ LQ WKH PRPHQWXP UDQJH RI WKH +(65 7KH I JXUH WR WKH OHIW LV DQ H[SDQGHG YLHZ RI
WKH WKUHVKROG UHJLRQ ZKLFK UHYHDOV FKDQQHOV RI VLQJOH VWUDQJHQHVV SURGXFWLRQ 7KH I JXUH WR WKH ULJKW VKRZV WKH H[SHULPHQWDO VLWXDWLRQ IRU
PRPHQWD DERYH *H9/c 7KH DUURZV SRLQWLQJ WR WKH PRPHQWXP D[LV LQGLFDWH WKH WKUHVKROG PRPHQWD IRU WKH GLﬀHUHQW K\SHURQ IDPLOLHV
)LJ  6LPXODWHG FURVV VHFWLRQ IRU UHVRQDQW J/ψ SURGXFWLRQ RQ
QXFOHDU SURWRQV ZLWK LQWHUQDO )HUPL PRPHQWXP GLVWULEXWLRQ DV D
IXQFWLRQ RI WKH DQWLSURWRQ PRPHQWXP >@
,Q DQWLSURWRQQXFOHXV FROOLVLRQV WKH J/ψN GLVVRFLD
WLRQ FURVV VHFWLRQ FDQ EH GHWHUPLQHG IRU PRPHQWD DURXQG
*H9 /c ZLWK YHU\ OLWWOH PRGHO GHSHQGHQFH LQ FRQWUDVW WR
LWV YDOXHV GHGXFHG IURP WKH SUHYLRXV VWXGLHV 7KH J/ψ PR
PHQWXP LQVLGH WKH QXFOHDU PHGLXP LV FRQVWUDLQHG E\ WKH
FRQGLWLRQ WKDW WKH SS → J/ψ IRUPDWLRQ SURFHHGV ¶RQ UHVR
QDQFH¶ ZLWK D WDUJHW SURWRQ pS = .*H9 /c
,Q D VHFRQG VWHS WKHVH VWXGLHV PD\ EH H[WHQGHG WR
KLJKHU FKDUPRQLXP VWDWHV OLNH WKH ψS ZKLFK UHTXLUHV
S PRPHQWDDURXQG*H9 /c IRU UHVRQDQWSURGXFWLRQ7KLV
ZRXOG DOVR DOORZ WR GHWHUPLQH WKH FURVV VHFWLRQ IRU WKH LQ
HODVWLF SURFHVV ψSN → J/ψN >@ ZKLFK LV DOVR UHOH
YDQW IRU WKH LQWHUSUHWDWLRQRI WKH XOWUDUHODWLYLVWLFKHDY\ LRQ
GDWD
3.4 Hypernuclear Physics
+\SHUQXFOHL DUH V\VWHPV LQ ZKLFK XS RU GRZQ TXDUNV
DUH UHSODFHG E\ VWUDQJH TXDUNV ,Q WKLV ZD\ D QHZ TXDQ
WXP QXPEHU VWUDQJHQHVV LV LQWURGXFHG LQWR WKH QXFOHXV
$OWKRXJK VLQJOH DQG GRXEOH ΛK\SHUQXFOHL ZHUH GLVFRY
HUHG PDQ\ GHFDGHV DJR RQO\  GRXEOH ΛK\SHUQXFOHL DUH
)LJ  +\SHUQXFOHL DQG WKHLU OLQN WR RWKHU I HOGV RI SK\VLFV
SUHVHQWO\ NQRZQ 7KH DYDLODELOLW\ RI DQWLSURWRQ EHDPV DW
)$,5 ZLOO DOORZ HﬃFLHQW SURGXFWLRQ RI K\SHUQXFOHL ZLWK
PRUH WKDQ RQH VWUDQJH KDGURQ PDNLQJ 3$1'$ FRPSHWL
WLYH ZLWK SODQQHG GHGLFDWHG IDFLOLWLHV 7KLV ZLOO RSHQ QHZ
SHUVSHFWLYHV IRU QXFOHDU VWUXFWXUH VSHFWURVFRS\ DQG IRU
VWXG\LQJ WKH IRUFHV EHWZHHQ K\SHURQV DQG QXFOHRQV
$ K\SHURQ ERXQG LQ D QXFOHXV RﬀHUV D VHOHFWLYH SUREH
RI WKH KDGURQLF PDQ\ERG\ SUREOHP DV LW LV QRW UHVWULFWHG
E\ WKH 3DXOL SULQFLSOH LQ SRSXODWLQJ DOO SRVVLEOH QXFOHDU
VWDWHV LQ FRQWUDVW WR QHXWURQV DQG SURWRQV 2Q RQH KDQG
D VWUDQJH EDU\RQ HPEHGGHG LQ D QXFOHDU V\VWHP PD\ VHUYH
DV D VHQVLWLYH SUREH IRU WKH QXFOHDU VWUXFWXUH DQG LWV SRV
VLEOH PRGLI FDWLRQ GXH WR WKH SUHVHQFH RI WKH K\SHURQ 2Q
WKH RWKHU KDQG SURSHUWLHV RI K\SHURQVPD\ FKDQJH GUDPDW
LFDOO\ LI LPSODQWHG LQVLGH D QXFOHXV 7KHUHIRUH D QXFOHXV
PD\ VHUYH DV D ODERUDWRU\ RﬀHULQJ D XQLTXH SRVVLELOLW\ WR
VWXG\ EDVLF SURSHUWLHV RI K\SHURQV DQG VWUDQJH H[RWLF RE
MHFWV 7KXV K\SHUQXFOHDU SK\VLFV UHSUHVHQWV DQ LQWHUGLVFL
SOLQDU\ VFLHQFH OLQNLQJ PDQ\ I HOGV RI SDUWLFOH QXFOHDU DQG
PDQ\ERG\ SK\VLFV VHH )LJ 
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:KLOH LW LV GLﬃFXOW WR VWXG\ QXFOHRQV GHHSO\ ERXQG
LQ RUGLQDU\ QXFOHL D Λ K\SHURQ QRW VXﬀHULQJ IURP 3DXOL
EORFNLQJFDQIRUPGHHSO\ERXQGK\SHUQXFOHDUVWDWHVZKLFK
DUH GLUHFWO\ DFFHVVLEOH LQ H[SHULPHQWV ,Q WXUQ WKH SUHV
HQFH RI D K\SHURQLQVLGH WKH QXFOHDU PHGLXP PD\ JLYH ULVH
WR QHZ QXFOHDU VWUXFWXUHV ZKLFK FDQQRW EH VHHQ LQ QRUPDO
QXFOHL FRQVLVWLQJ RQO\ RI QXFOHRQV )XUWKHUPRUH D FRP
SDULVRQ RI RUGLQDU\QXFOHL DQG K\SHUQXFOHLPD\ UHYHDO QHZ
LQVLJKWV LQ NH\ TXHVWLRQV LQ QXFOHDU SK\VLFV OLNH IRU H[DP
SOH WKH RULJLQ RI WKH QXFOHDU VSLQRUELW IRUFH >@
$Q LPSRUWDQW JRDO LV WR PHDVXUH WKH OHYHO VSHFWUD DQG
GHFD\SURSHUWLHVRIK\SHUQXFOHLLQ RUGHUWR WHVW WKHHQHUJLHV
DQG ZDYH IXQFWLRQV IURP PLFURVFRSLF VWUXFWXUH PRGHOV
:KLOH WKH QXFOHRQQXFOHRQ VFDWWHULQJ ZDV H[WHQVLYHO\
VWXGLHG VLQFH WKH ¶V GLUHFW H[SHULPHQWDO LQYHVWLJDWLRQV
IRU WKH <1 LQWHUDFWLRQV DUH VWLOO YHU\ VSDUVH %HFDXVH RI
WKHLUVKRUWOLIHWLPHVK\SHURQWDUJHWVDUHQRWDYDLODEOH/RZ
PRPHQWXPK\SHURQVDUH YHU\GLﬃFXOWWR SURGXFHDQG K\S
HURQSURWRQ VFDWWHULQJ LV RQO\ IHDVLEOH YLD WKH GRXEOHVFDW
WHULQJ WHFKQLTXH >@ 7KHUH DUH RQO\ D IHZ KXQGUHGV
ORZPRPHQWXP Λ1 DQG Σ±1 VFDWWHULQJ HYHQWV DYDLODEOH
DQG WKHUH LV HVVHQWLDOO\ QR GDWD RQ ΞN RU ΩN VFDWWHULQJ
,Q VLQJOH K\SHUQXFOHL WKH GHVFULSWLRQ RI K\SHURQV RF
FXS\LQJ WKH DOORZHG VLQJOHSDUWLFOH VWDWHV LV ZLWKRXW WKH
FRPSOLFDWLRQV HQFRXQWHUHG LQ RUGLQDU\ QXFOHL OLNH SDLU
LQJ LQWHUDFWLRQV DQG VR RQ 7KH VWUHQJWK RI WKH ΛN VWURQJ
LQWHUDFWLRQ PD\ EH H[WUDFWHG ZLWK D GHVFULSWLRQ RI VLQJOH
SDUWLFOH VWDWHV E\ UDWKHU ZHOO NQRZQ ZDYH IXQFWLRQV )XU
WKHUPRUH WKH GHFRPSRVLWLRQ LQWR WKH GLﬀHUHQW VSLQGHSHQ
GHQW FRQWULEXWLRQV PD\ EH DQDO\VHG )RU WKHVH FRQWULEX
WLRQV VLJQLI FDQWO\ GLﬀHUHQW SUHGLFWLRQV H[LVW IRU H[DPSOH
IURP PHVRQ H[FKDQJHFXUUHQWDQG TXDUN PRGHOV
,W LV LQWHUHVWLQJ WR QRWH WKDW WKH GLﬀHUHQW6= V\VWHPV 
Ξ−DWRPV DQG VLQJOH Ξ−K\SHUQXFOHLRQ RQH VLGH DQG GRX
EOHΛΛ K\SHUQXFOHLRQWKHRWKHUVLGH SURYLGHFRPSOHPHQ
WDU\LQIRUPDWLRQRQWKHEDU\RQIRUFHRQWKHRQHPHVRQH[
FKDQJH OHYHO VWUDQJH PHVRQV ZLWK ,=/ GR QRW FRQWULEXWH
WR WKH ΞN LQWHUDFWLRQ $W -3$5& I UVW SUHFLVH VWXGLHV RI
ΞDWRPV DUH SODQQHG >@ $W 3$1'$ QRW RQO\ Ξ− DWRPV
EXW DOVR Ω− DWRPVFDQ EH VWXGLHGIRU WKH I UVW WLPH WKXVSUR
YLGLQJ XQLTXH LQIRUPDWLRQ RQ WKH QXFOHDU RSWLFDO SRWHQWLDO
RI Ω− EDU\RQV 7KH Ω K\SHURQ LV SDUWLFXODUO\ LQWHUHVWLQJ
EHFDXVH GXH WR LW¶V ORQJ OLIHWLPH DQG LW¶V VSLQ RI /L WL V
WKH RQO\ ¶HOHPHQWDU\¶ EDU\RQ ZLWK D QRQYDQLVKLQJ VSHF
WURVFRSLF TXDGUXSROH PRPHQW
,Q WKH 3$1'$ H[SHULPHQWERXQGVWDWHV RI Ξ K\SHUQX
FOHLZLOO EHXVHGDVDJDWHZD\WRIRUPGRXEOHΛK\SHUQXFOHL
>@ 7KH SURGXFWLRQ RI ORZ PRPHQWXP Ξ− K\SHURQV DQG
WKHLU FDSWXUH LQ DWRPLF OHYHOV LV WKHUHIRUH HVVHQWLDO IRU WKH
H[SHULPHQW $W 3$1'$ WKH UHDFWLRQV p + p → Ξ−Ξ
+
DQG
p + n → Ξ−Ξ

IROORZHG E\ UHVFDWWHULQJ RI WKH Ξ− ZLWKLQ
WKH SULPDU\ WDUJHW QXFOHXV ZLOO EH HPSOR\HG $IWHU VWRS
SLQJ WKH Ξ− LQ DQ H[WHUQDO VHFRQGDU\ WDUJHW WKH IRUPHG Ξ
K\SHUQXFOHL ZLOO EH FRQYHUWHG LQWR GRXEOH Λ K\SHUQXFOHL
7KLV WZRVWHS SURGXFWLRQ PHFKDQLVP UHTXLUHV PDMRU DGGL
WLRQV WR WKH XVXDO VLPXODWLRQ SDFNDJH 3DQGD5RRW DV ZHOO
DV WKH 3$1'$ VHWXS 0DQGDWRU\ IRU WKLV H[SHULPHQW LV D
PRGXODU DQG KLJKO\ I H[LEOH VHWXS RI WKH FHQWUDO 3$1'$
GHWHFWRU





































)LJ  ([SHFWDWLRQ YDOXH RI WKH HOHFWULF I HOG VWUHQJWK IRU WKH
ORZHVWO\LQJ VWDWHV RI D K\GURJHQOLNH DWRP LQ WKH UDQJH Z =  −
 >@
7KH LQWHUQDWLRQDO )$,5 )DFLOLW\ IRU $QWLSURWRQ DQG ,RQ
5HVHDUFK KDV NH\ IHDWXUHV WKDW RﬀHU D ZLGH UDQJH RI QHZ
DQG FKDOOHQJLQJ RSSRUWXQLWLHV IRU DWRPLF SK\VLFV LQ WKH
VWURQJ I HOG ZKHUH WKH LQWHUSOD\ EHWZHHQ FRUUHODWLRQ UHO
DWLYLW\ DQG TXDQWXPHOHFWURG\QDPLFVLV RI SDUWLFXODU LQWHU
HVW :LWKLQ WKH 63$5& FROODERUDWLRQ >@ ZH SODQ H[
SHULPHQWV LQ WZR PDMRU UHVHDUFK DUHDV FROOLVLRQ G\QDPLFV
LQ VWURQJ HOHFWURPDJQHWLF I HOGV DQG IXQGDPHQWDO LQWHUDF
WLRQV EHWZHHQ HOHFWURQV DQG KHDY\ QXFOHL XS WR EDUH XUD
QLXP ,Q WKLV DUHD ZH ZLOO XVH WKH UHODWLYLVWLF KHDY\ LRQV
IRUDZLGHUDQJHRIFROOLVLRQVWXGLHV,QWKHH[WUHPHO\VKRUW
UHODWLYLVWLFDOO\ HQKDQFHG I HOG SXOVHV WKH FULWLFDO I HOG OLPLW
6FKZLQJHU OLPLW IRU OHSWRQ SDLU SURGXFWLRQ FDQ EH VXU
SDVVHG E\ RUGHUV RI PDJQLWXGHV DQG D EUHDNGRZQ RI SHU
WXUEDWLYH DSSUR[LPDWLRQV IRU SDLU SURGXFWLRQ LV H[SHFWHG
7KH GHWHFWLRQ PHWKRGV RI UHDFWLRQ PLFURVFRSHV ZLOO JLYH
WKH PRPHQWXP RI DOO IUDJPHQWV ZKHQ DWRPV RU PROHFXOHV
DUH GLVLQWHJUDWLQJLQ VWURQJ I HOG SXOVHV RI WKH LRQV DQ LGHDO
WRRO WR VWXG\ FRUUHODWHG PXOWLERG\ G\QDPLFV )RU PHGLXP
DQG ORZ HQHUJLHV WKH FRROHU ULQJV 1(65  D ´VHFRQGJHQ
HUDWLRQ´ (65  DQG WKH ORZHQHUJ\ ULQJ /65 ZLWK RSWL
PL]HG IHDWXUHVDQG QRYHOLQVWDOODWLRQVVXFK DV DQ XOWUDFROG
HOHFWURQ WDUJHW ZLOO EH H[SORLWHG IRU FROOLVLRQ VWXGLHV )XQ
GDPHQWDO DWRPLF SURFHVVHV FDQ EH LQYHVWLJDWHG LQ D NLQH
PDWLFDOO\ FRPSOHWH IDVKLRQ IRU WKH LQWHUDFWLRQ RI FRROHG
KHDY\LRQV XS WR +H +OLNH DQG EDUH XUDQLXP ZLWK SKR
WRQV HOHFWURQV DQG DWRPV 7KHVH VWXGLHV H[WHQG LQWR WKH
ORZHQHUJ\ UHJLPH ZKHUH WKH DWRPLF LQWHUDFWLRQV DUH GRP
LQDWHG E\ VWURQJ SHUWXUEDWLRQV EXW E\ DOVR FRUUHODWLRQ DQG
TXDVLPROHFXODU HﬀHFWV
7KH RWKHU FODVV RI H[SHULPHQWV ZLOO IRFXV RQ VWUXFWXUH
VWXGLHVRIVHOHFWHGKLJKO\FKDUJHGLRQVSHFLHVDI HOGZKLFK
LV VWLOO ODUJHO\ XQH[SORUHG 7KH SURSHUWLHV RI VWDEOH DQG
XQVWDEOH QXFOHL ZLOO EHFRPH DFFHVVLEOH E\ DWRPLF SK\VLFV
WHFKQLTXHV DORQJ ZLWK SUHFLVLRQ WHVWV RI TXDQWXP HOHFWUR
01006-p.8WK ,QWHUQDWLRQDO ,83$3 &RQIHUHQFH RQ )HZ%RG\ 3UREOHPV LQ 3K\VLFV
)LJ  $QJXODU GHSHQGHQFH RI WKH HOHFWULF UDGLDO I HOG VWUHQJWKV
RI D SRLQW FKDUJH PRYLQJ ZLWK D /RUHQW] IDFWRU γ γ =    
DQG  DV REVHUYHG LQ WKH ODERUDWRU\ IUDPH >@
G\QDPLFV4('LQH[WUHPHO\VWURQJHOHFWURPDJQHWLFI HOGV
WKHH[WUHPHI HOG VWUHQJWKSUREHGIRULQVWDQFHE\D VHOHF
WURQ LQ D +OLNH KHDY\ LRQ LV H[HPSOLI HG LQ I JXUH  ,Q
WKH VWURQJ I HOG GRPDLQ +HOLNH LRQV WKH VLPSOHVW PDQ\
HOHFWURQ V\VWHP DUH D SDUWLFXODU FKDOOHQJH IRU H[SHULPHQW
DV ZHOO DV IRU WKHRU\ $QRWKHU LPSRUWDQW VFHQDULR IRU WKLV
FODVV RI H[SHULPHQWV ZLOO EH WKH VORZLQJGRZQ WUDSSLQJ
DQG FRROLQJ RI SDUWLFOHV LQ WKH LRQ WUDS IDFLOLW\ +,75$3 OR
FDWHG DW )/$,5 7KLV PD\ HQDEOH QRW RQO\ KLJKDFFXUDF\
H[SHULPHQWVLQ WKH UHDOP RI DWRPLF DQG QXFOHDUSK\VLFVEXW
DV ZHOO KLJKO\VHQVLWLYH WHVWV RI WKH 6WDQGDUG 0RGHO
,Q WKH IROORZLQJ D IHZ SDUWLFXODU H[DPSOHV RI WKH
SODQQHG H[SHULPHQWDO DFWLYLWLHV WKH 63$5& FROODERUDWLRQ
ZLOO EH GLVFXVVHG ZKHUHE\ IRFXVVLQJ RQ WKH KLJK HQHUJ\
DVSHFW
4.1 Quantum Dynamics in Strong Electromagnetic
Fields
7KH WUDQVYHUVH HOHFWULF DQG PDJQHWLF FRPSRQHQWV RI WKH
HOHFWURPDJQHWLF I HOGV DVVRFLDWHG ZLWK WKH PRYLQJ LRQV
VWHDGLO\ LQFUHDVH ZLWK γ DQG EHFRPH DOPRVW HTXDO LQ PDJ
QLWXGH ZKLOH WKH GXUDWLRQ RI WKH HOHFWURPDJQHWLF SXOVH GH
FUHDVHV VHH )LJ  >@ 7KHUHIRUH LQ FROOLVLRQV RI VXFK
LRQV ZLWK DWRPV WKH DWRP H[SHULHQFH D KXJH I HOG VWUHQJWK
ZKLFK LV FRPSDUDEOH WR WKH I HOGV RI WKH PRVW LQWHQVH
ODVHUV FXUUHQWO\ DYDLODEOH KRZHYHU RQ D PXFK VKRUWHU WLPH
VFDOHV VXEDWWRVHFRQGV $ KLJKHQHUJ\  γ> VWRUDJH
ULQJ EULQJV XV LQ D SRVLWLRQ WR H[WHQG WKH IURQWLHUV RI RXU
SUHVHQW NQRZOHGJH LQ DWRPLF SK\VLFV LQWR WKH UHJLPH RI
H[WUHPH FRQGLWLRQV SHUIHFWO\ VXLWHG RI D WHVW RI QRQSHUWXU
EDWLYH 4(' :KLOH DW WKH PRVW IXQGDPHQWDO OHYHO D ULJRU
RXV XQGHUVWDQGLQJ RI QRQSHUWXUEDWLYH 4(' LV HVVHQWLDO IRU
WKH VFLHQWLI F SURJUHVV LQ DWRPLF SK\VLFV RI VWURQJ I HOGV
WKHUH DUH PDMRU FKDOOHQJHV LQ WKH I HOG RI KLJKO\ UHODWLYLVWLF
DWRPLF FROOLVLRQV ,Q SDUWLFXODUDV D UHVXOW RI WKH ODUJHHOHF




DW  *H9/X γ=>@ FURVVVHFWLRQV RI FORVH WR  EDUQ
KDYH EHHQ SUHGLFWHG :H QRWH WKDW IRU VXFK FROOLVLRQ SD























)LJ  (QHUJ\ GLDJUDP RI WKH VLQJOHSDUWLFOH 'LUDF HTXDWLRQ DQG
EDVLF DWRPLF SURFHVVHV ZKLFK RFFXU LQ LRQDWRP FROOLVLRQV
 D QRQSHUWXUEDWLYH WUHDWPHQW LV FRPSXOVRU\ $OVR ZH
QRWH WKDW DW H[WUHPH HQHUJLHV LQ WKH UHJLRQ RI KXQGUHGV RI
*H9/X WKHUH LV JRRG DJUHHPHQW EHWZHHQ WKHRU\ DQG H[
SHULPHQW +RZHYHU WKH VLWXDWLRQ LV PXFK OHVV VDWLVIDFWRU\
DW LQWHUPHGLDWH UHODWLYLVWLF HQHUJLHV RI D IHZ *H9/X +HUH
HYHQ WKH WDUJHW FKDUJH GHSHQGHQFH LV QRW ZHOO XQGHUVWRRG
>@ 7KHUH DUH YHU\ IHZ DQG RQO\ LQFOXVLYH PHDVXUH
PHQWV RI SDLU SURGXFWLRQ DYDLODEOH LQ WKH LQWHUPHGLDWH UHO
DWLYLVWLF UHJLPH WKH QHZ IDFLOLW\ ZRXOG EH WKH RQO\ RQH FD
SDEOH ZRUOGZLGH RI I OOLQJ WKLV LPSRUWDQWJDS ,Q SDUWLFXODU
GLﬀHUHQWLDOPHDVXUHPHQWVDVIXQFWLRQRIWKH LPSDFWSDUDP
HWHU DUH XUJHQWO\ QHHGHG VLQFH WKH\ DUH H[SHFWHG WR GLVSOD\
WKH QRQSHUWXUEDWLYH G\QDPLFDO VWUXFWXUH RI WKH 4(' YDF
XXP 7KLV LV HVSHFLDOO\ WUXH IRU ERXQGIUHH SDLU FUHDWLRQ
ZKHUH DW VPDOO LPSDFW SDUDPHWHUV WKH VWURQJ HOHFWURPDJ
QHWLF I HOG FDQ OHDG WR DQ HQKDQFHG SURGXFWLRQ SUREDELOLW\
,Q DGGLWLRQWKHVH KLJKHQHUJ\FROOLVLRQV PD\HQDEOHDQ
H[SORUDWLRQ RI QRYHO HOHFWURPDJQHWLF SKHQRPHQD DVVRFL
DWHG ZLWK G\QDPLFDOO\ LQGXFHG FRUUHODWHG PDQ\HOHFWURQ
SURFHVVHV VXFK DV PXOWLSOH LRQL]DWLRQ/H[FLWDWLRQWKH LQQHU
VKHOO YDFDQF\ SURGXFWLRQ ZLWK VLPXOWDQHRXV SDLU SURGXF




LV VLPLODU WR GLHOHFWURQLF UHFRPELQDWLRQ EXW ZLWK DQ HOHF
WURQ EHLQJ H[FLWHG IURP WKH QHJDWLYH WR WKH SRVLWLYH FRQWLQ
XXP $OO WKHVH SURFHVVHVFDQ EH VWXGLHG DW DQ H[SHULPHQWDO
DUHD EHKLQG WKH 6,6/ LQ VLQJOHSDVV DQG I [HGWDUJHW
H[SHULPHQWV DW γ YDOXHV XS WR γ=

4.2 Laser Spectroscopy
$ W\SLFDO DSSOLFDWLRQ RI SUHFLVLRQ ODVHU VSHFWURVFRS\ ZLOO
EH WKH H[FLWDWLRQ RI WUDQVLWLRQV VWDUWLQJ IURP WKH JURXQG
VWDWHRIKLJKO\FKDUJHGHJOLWKLXPOLNHLRQV$WWKH1(65
SKRWRQ HQHUJLHV RI DURXQG  H9 LQ WKH ODERUDWRU\ IUDPH
ZRXOG EH VXﬃFLHQW WR LQGXFH WKH  H9 V/  S / WUDQ
VLWLRQLQXUDQLXPZKHQWKHODVHUOLJKWLVFRXQWHUSURSDJDWLQJ
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WR WKH LRQV >@ 6XFK D VRXUFH FRXOG EH SURYLGHG E\ DQ ;
UD\ ODVHU SXPSHG E\ PXOWLWHUDZDWW SXOVHV IURP WKH  -
IURQWHQG RI WKH ODVHU V\VWHP 3+(/,; DYDLODEOH DW *6,
>@ 7KH H[SHULPHQWDOSURFHGXUH ZLOO EH VLPLODU WR WKH HV
WDEOLVKHGVFKHPHXVHGIRUODVHUVSHFWURVFRS\RIWKHJURXQG
VWDWH K\SHUI QH VSOLWWLQJ LQ K\GURJHQOLNH LRQV /LJKW HPLW
WHG DIWHU ODVHU H[FLWDWLRQ LV GHWHFWHG LQ WKH IRUZDUG GLUHF
WLRQ 7KLV OHDGV WR DQ DGGLWLRQDO 'RSSOHU VKLIW LQWR DQ HQ
HUJ\ UDQJH EHWZHHQ WZR DQG WKUHH WLPHV WKH ODVHU HQHUJ\
7KHVH HQHUJHWLF SKRWRQV FDQ EH HﬃFLHQWO\ DQG VHOHFWLYHO\
GHWHFWHG $QRWKHU DSSOLFDWLRQ ZLOO EH WKH VWXG\ RI ORZ
O\LQJ PHWDVWDEOH VWDWHV LQ PRGHUDWHO\ FKDUJHG KHDY\ LRQV
,QWKHVHFDVHVPDQ\HOHFWURQFRUUHODWLRQHﬀHFWVFDQEHVWXG
LHG LQ JUHDW GHWDLO $OWHUQDWLYHO\ H[SORLWLQJ WKH KLJKHU HQ
HUJLHV DYDLODEOH LQ WKH 6,6 HYHQ SKRWRQ HQHUJLHV LQ WKH
YLVLEOH UDQJH ZLOO EH VXﬃFLHQW IRU H[FLWDWLRQ RI WKH V/
 S / WUDQVLWLRQ LQ OLWKLXPOLNH XUDQLXP )RU VXFK LRQV D
EHDP HQHUJ\ RI  *H9/X FRUUHVSRQGLQJ WR D /RUHQW]
IDFWRU RI γ =  FDQ EH UHDFKHG DW 6,6 6LQFH DIWHU
ODVHU H[FLWDWLRQ WKH HPLWWHG SKRWRQ DJDLQ ZLOO EH VWURQJO\
'RSSOHU VKLIWHG E\  × γ KLJK GHWHFWLRQ VHQVLWLYLW\ DQG
JRRG VXSSUHVVLRQ RI VFDWWHUHG ODVHU OLJKW FDQ EH UHDFKHG
$OVR I [HGIUHTXHQF\ ODVHUV FDQ EH XVHG EHFDXVH WKH\ FDQ
EH WXQHG YLD WKH 'RSSOHU VKLIW
7KH H[SHULPHQWDO VHWXS FRQVLVWV RI WKH FRPELQDWLRQ RI
WZR YHU\SUHFLVH H[SHULPHQWDOPHWKRGVZKLFK DUH EDVHGRQ
D ODVHU DQG D [UD\ FU\VWDO VSHFWURPHWHU 7KH V/  S /
WUDQVLWLRQ FDQ EH H[FLWHG IRU DOO HOHPHQWV XS WR XUDQLXP
ZLWK D SXOVHG IUHTXHQF\GRXEOHG ODVHU EHDP )RU WKH FDVH
RIOLWKLXPOLNHXUDQLXPDODVHUSKRWRQHQHUJ\ωL=H9
LV VKLIWHG LQ WKH PRYLQJ V\VWHP WR ω= H9 ZKLFK
LV WKH V/  S / WUDQVLWLRQ HQHUJ\ 7KH HPLWWHG I XRUHV
FHQFH SKRWRQ LV ERRVWHG LQWR WKH KDUG [UD\ UHJLRQ DQG DS
SHDUV LQ WKH ODERUDWRU\ V\VWHP LQ WKH IRUZDUG GLUHFWLRQ DW
ωx= NH9
,W KDV EHHQ SRLQWHG RXW >@ WKDW ZLWK FXUUHQWO\ H[LVW
LQJ ODVHU V\VWHPV ZLWK D UHODWLYH OLQH ZLGWK RI ·− DQG
D PHDQ SRZHU RI  : DW D UHSHWLWLRQ UDWH RI  N+] VKLQ
LQJ RQ D FROOHFWLRQ RI  OLWKLXPOLNH LRQV FLUFXODWLQJ DV D
EXQFKZLWK DQ HQHUJ\VSUHDGRI − D Q GR E V H U Y H GE \D Q[ 
UD\ PRQRFKURPDWRUZLWK D UHVROXWLRQ RI ·−W K HW U D Q 
VLWLRQ HQHUJ\ RI  H9 LQ XUDQLXP FDQ EH PHDVXUHG ZLWK
DQ DFFXUDF\ RI  H9 ZLWKLQ RQH KRXU &RPSDUHG ZLWK
WKH FXUUHQWO\ EHVW YDOXH RI  H9 >@ WKLV ZLOO
OHDG WR D VLJQLI FDQW LQFUHDVH LQ SUHFLVLRQ DQG ZLOO SURYLGH
D KLJKO\ VHQVLWLYH WHVW RI 4(' DQG UHODWLYLVWLFFRUUHODWLRQ
FDOFXODWLRQV IRU WKUHHHOHFWURQ V\VWHPV
4.3 Cooling and Polarization of Ions by Laser Light
,RQV VWRUHG LQ ULQJV RU WUDSV FDQ DOVR EH FRROHG E\ LQWHU
DFWLRQ ZLWK ODVHU SKRWRQV 7KLV SURFHVV LV SRVVLEOH XVLQJ
WKH KLJK LQWHUDFWLRQ FURVV VHFWLRQ DW WKH UHVRQDQFH RI LRQLF
WUDQVLWLRQV
7KHSRVVLELOLW\ RI LQFUHDVLQJWKH EHDPTXDOLW\ RIVWRUHG
LRQV E\ ODVHU FRROLQJ KDV EHHQ SURYHQ IRU KLJKO\ FKDUJHG
LRQV UHFHQWO\ DW WKH (65 VWRUDJH ULQJ 7KH KLJK YHORFLW\
LQ WKH 6,6/6,6 ZLOO PDNH WKLV PHWKRG DSSOLFDEOH WR
D ZLGH UDQJH RI ORZ DQG KLJKO\FKDUJHG LRQV HYHQ XV
LQJ FRQYHQWLRQDO ODVHU VRXUFHV /DVHU FRROLQJ FDQ WKHUH
IRUH SURGXFH D YDULHW\ RI KLJKO\ UHODWLYLVWLF EHDPV RI KLJK
HVW TXDOLW\ HYHQ ZLWKRXW WKH QHFHVVLW\ RI HOHFWURQ FRROLQJ
$ YHU\ DWWUDFWLYH IHDWXUH ZLOO EH WKH EXQFK FRQWUDFWLRQ RI
FRROHG LRQV ZKLFK KDV DOVR EHHQ REVHUYHG DW VPDOOHU VWRU
DJH ULQJV 7KLV UHVXOWV LQ DQ LQFUHDVH RI WKH SXOVH LQWHQVLW\
RI LRQ EXQFKHV ZKLFK LV RI SDUWLFXODU UHOHYDQFH IRU DSSOL
FDWLRQV LQ SODVPD SK\VLFV %\ XVLQJ D FRQYHQWLRQDO ODVHU
V\VWHP ODVHU FRROLQJ UHTXLUHV D WLPH RI DERXW  V ZLWK
GHSHQGLQJPDLQO\ RQ WKH UDGLDWLYHOLIHWLPH RI WKH WUDQVLWLRQ
XVHG ,Q VRPH IDYRUDEOH FDVHV PXFK IDVWHU FRROLQJ FDQ EH
H[SHFWHG :LWK FLUFXODUO\ SRODUL]HG ODVHU EHDPV WKH QXFOHL
FDQ DOVR EH SRODUL]HG,I WKH SRODUL]DWLRQFDQ EH PDLQWDLQHG
LQ WKH ULQJ RU DW OHDVW LQ VRPH SDUW RI LW VXFK SRODUL]HG DQG
FRROHG EHDPV PD\ RSHQ XS D YDULHW\ RI QRYHO H[SHULPHQWV
UHODWHG WR IXQGDPHQWDO SK\VLFV >@
+HUH ZH OLNH WR FRPPHQW RQ D QRYHO H[SHULPHQWDO SRV
VLELOLW\ WR GHWHFW WKH RULHQWDWLRQRI WKH SRODUL]DWLRQSODQH RI
SURMHFWLOH [UD\V HPLWWHG LQ UHODWLYLVWLF LRQDWRP FROOLVLRQV
7KLV WHFKQLTXH LV RI JUHDWLPSRUWDQFHIRU H[SHULPHQWVDLP
LQJ DW WKH FRQWURO RI WKH VSLQSRODUL]DWLRQ RI VWRUHG SDUWL
FOHV $V H[DPSOHV ZH OLNH WR PHQWLRQ YDULRXV H[SHULPHQWV
IRU WKH WHVW RI WKH VWDQGDUG PRGHO YLD WKH VHDUFK RI DQ HOHF
WULF GLSROHPRPHQW RI HOHPHQWDU\ SDUWLFOHV DV ZHOO DV WKH
VWXG\ RI SDULW\ YLRODWLRQ HﬀHFWV LQ VLPSOH DWRPLF V\VWHPV
DW KLJK= >@ 5HFHQWO\ GHWDLOHG WKHRUHWLFDO LQYHVWLJD
WLRQV SUHGLFWHG WKDW WKH SURFHVV RI UDGLDWLYH UHFRPELQDWLRQ
WUDQVLWLRQV >±@ PD\ UHYHDO D SRVVLEOH VSLQ SRODUL]D
WLRQ RI WKH SDUWLFOHV LQYROYHG LQ WKH LQWHUDFWLRQ HOHFWURQV
RU LRQV +HUH WKH VSLQ SRODUL]DWLRQ RI WKH SDUWLFOHV OHDGV
WR D URWDWLRQ RI WKH SKRWRQ SRODUL]DWLRQ YHFWRU RXW RI WKH
VFDWWHULQJ SODQH ([SHULPHQWDOO\WKLV WRSLF FDQ QRZ EH DG
GUHVVHG ZLWK KLJK HﬃFLHQF\ E\ D QHZ JHQHUDWLRQ RI VROLG
VWDWH GHWHFWRUVZKLFKH[SORLW&RPSWRQVFDWWHULQJLQVLGHWKH
GHWHFWRU IRU DQ DFFXUDWH SRODUL]DWLRQ GHWHUPLQDWLRQ 7KHVH
&RPSWRQ SRODULPHWHUV GHYHORSHG IRU WKH 63$5& FROODE
RUDWLRQ DUH FDSDEOH WR SURYLGH HQHUJ\ DV ZHOO DV SRVLWLRQ
LQIRUPDWLRQ DORQJ ZLWK UHDO PXOWLKLW FDSDELOLW\ >±@
4.4 Dielectronic Recombination, a Tool to
Determine Nuclear Charge Radii
'LHOHFWURQLF UHFRPELQDWLRQ '5 RI LRQV KDYLQJ DW OHDVW
RQH HOHFWURQ ZLWK IUHH HOHFWURQV WXUQHG RXW WR EH D QRYHO
DQG VHQVLWLYH WRRO WR VWXG\ WKH LQWHUSOD\EHWZHHQ WKH HﬀHFWV
RI FRUUHODWLRQ DQG 4(' IRU WKH DWRPLF VWUXFWXUH DW KLJK=
>@ 7KH SRVVLELOLW\ RI SURGXFLQJ KLJKO\FKDUJHG KHDY\
LRQV DQG RI VWRULQJ WKHP DV ORZHPLWWDQFH LRQ EHDPV LQ D
VWRUDJH ULQJ RSHQHG D QHZ ZLQGRZ IRU WKH LQYHVWLJDWLRQ RI
WKH UHFRPELQDWLRQ RI LRQV DQG HOHFWURQV DW ORZ UHODWLYH YH
ORFLWLHV ,Q WKLV UHVRQDQW SURFHVV D IUHH HOHFWURQ LV FDSWXUHG
DQG WKH H[FHVV HQHUJ\H[FLWHVRQH RI WKH ERXQGHOHFWURQVWR
D KLJKHU VWDWH 7KLV LV WKH WLPHUHYHUVHG $XJHU HﬀHFW
7KH 1(65 ZLWK D VHFRQG LQGHSHQGHQW HOHFWURQ WDUJHW
ZLOODOORZIRUWKHI UVWWLPHWKHVWXG\RIWKHHOHFWURQHOHFWURQ
LQWHUDFWLRQ DOVR IRU WKH LQQHUPRVW ERXQG HOHFWURQV LQ YHU\
KHDY\ V\VWHPV $W WKH (65 KDYLQJ QR VHFRQG HOHFWURQ WDU
JHW VXFK VWXGLHV ZHUH QRW SRVVLEOH XS WR QRZ $Q LQGHSHQ
01006-p.10WK ,QWHUQDWLRQDO ,83$3 &RQIHUHQFH RQ )HZ%RG\ 3UREOHPV LQ 3K\VLFV
GHQW HOHFWURQWDUJHW DW WKH 1(65 ZLOO DOORZ DOVR WR LPSURYH
WKH SUHFLVLRQ DQG DFFXUDF\ RI WKH PHDVXUHPHQWV VLQFH WKH
LRQ EHDP FDQ EH FRROHG SHUPDQHQWO\ GXULQJ WKH '5 H[SHU
LPHQWV
'LHOHFWURQLF UHFRPELQDWLRQ DOVR DOORZV VWXGLHV RI QX
FOHDU FKDUJH UDGLL 7KLV PHWKRG LV DSSOLFDEOH WR UDGLRDFWLYH
LVRWRSHVZLWK D KDOIOLIHORQJHUWKDQDERXW PLQ,I WKH IUHH
HOHFWURQ LV FDSWXUHG LQWR D ORZO\LQJ ERXQG VWDWH WKH FRP
SDULVRQ RI SUHFLVH PHDVXUHPHQWV ZLWK WKHRU\ FDQ EH XVHG
DVD QRYHOWRROWR GHWHUPLQHQXFOHDUUDGLL)RUWKHSDUWLFXODU
FDVH RI A1G WKH LVRWRSH VKLIW RI WKH '5 UHVRQDQFHV KDYH
YHU\ UHFHQWO\ EHHQ VWXGLHG LQ DQ SLORW H[SHULPHQW DW WKH
(65 GHPRQVWUDWLQJ WKH SRWHQWLDO RI WKLV WHFKQLTXH >@
5 Summary
'XULQJ WKH QH[W \HDUV WKH )DFLOLW\ IRU $QWLSURWRQ DQG ,RQ
UHVHDUFK )$,5 ZLOO EH FRQVWUXFWHG LQ 'DUPVWDGW 2QFH WKLV
IDFLOLW\ LV RSHUDWLRQDO LW ZLOO SURYLGH IRU WKH H[SORUDWLRQ
RI WKH VFLHQWLI F WHUUD LQFRJQLWD LQ PDQ\ UHVHDUFK I HOGV
7KH FXUUHQW PDQXVFULSW GLVFXVVHV D YDULHW\ RI SRVVLELOLWLHV
LQ IHZERG\ UHVHDUFK ZKLFK )$,5 RﬀHUV LQ KDGURQ QX
FOHDU DQG DWRPLF SK\VLFV :H VKRZHG WKDW )$,5 ZLOO DO
ORZ WR PDS RXW WKH GULSOLQHV XS WR PHGLXPPDVV QXFOHL
DQG WR H[SORUH WKH VWUXFWXUH RI QXFOHDU VWDWHV FORVH DQG LQ
WKH FRQWLQXXP 7KH KDGURQ SURJUDP DURXQG WKH Ā P$1'$
GHWHFWRU SODQV WR JHQHUDWH 4&' VWDWHV LQ DQWLSURWRQ DQQL
KLODWLRQ UHDFWLRQV LQ RUGHU WR VKHG PRUH OLJKW RQ WKH FRP
SOH[ VWUXFWXUH RI KDGURQV DQG WKH XQGHUVWDQGLQJRI ELQGLQJ
DPRQJ TXDUNV 7KH DWRPLF SK\VLFV SURJUDP DW )$,5 FDQ
VWXG\ FRUUHODWLRQV DPRQJ HOHFWURQV LQ KHOLXP RUOLWKLXP
OLNH KHDY\LRQV OLNH XUDQLXPDQG ZLOO SHUIRUPIXQGDPHQWDO
WHVWV RI 4('
7KH )$,5 UHVHDUFK SURJUDP DW D ZKROH ZLOO DOVR RSHQ
XS D QHZ HUD LQ QXFOHDU DVWURSK\VLFV DV PDQ\ RI WKH UH
VHDUFK WRSLFV DUH LQWLPDWHO\ UHODWHG WR IRUHIURQW UHVHDUFK
LQ DVWURSK\VLFV )RU H[DPSOH WKH H[RWLF QXFOHL ZKLFK DUH
DYDLODEOH DW )$,5 DV VHFRQGDU\ EHDPV ZLWK XQPDWFKHG LQ
WHQVLWLHV DUH FUXFLDO IRU WKH XQGHUVWDQGLQJ RI WKH G\QDP
LFV RI DVWURSK\VLFDO REMHFWV OLNH FRUHFROODSVH VXSHUQRYDH
WKH RULJLQ RI WKH HOHPHQWV LQ WKH 8QLYHUVH DQG DOVR WKH
VWUXFWXUH RI FRPSDFW REMHFWV OLNH QHXWURQVWDUV )XUWKHU LP
SURYHPHQW KHUH ZLOO DOVR FRPH IURP WKH VWXG\ RI K\SHU
QXFOHL SHUIRUPHG DW WKH Ā P$1'$ GHWHFWRU ZKLFK ZLOO DG
YDQFH RXU NQRZOHGJH RI WKH LQWHUDFWLRQ DPRQJ K\SHURQV
DQG KHQFH WKH (TXDWLRQ RI 6WDWH DW GHQVLWLHV H[SHFWHG WR
H[LVW LQVLGH RI QHXWURQ VWDUV 1HXWURQ VWDUV DUH DOVR NQRZQ
WR KDYH H[WUHPH HOHFWULF VXUIDFH I HOGV 7KH FRUUHODWLRQV
RI HOHFWURQV XQGHU VXFK FRQGLWLRQV FDQ EH LQYHVWLJDWHG E\
WKH DWRPLF SK\VLFV SURJUDP DW )$,5 2I FRXUVH DOVR WKH
SODVPD SK\VLFV SURJUDP DW )$,5 UHODWHV WR DVWURSK\VLFDO
REMHFWV OLNH WKH LQWHULRU RI WKH 6XQ RU RI JDV SODQHWV OLNH
-XSLWHU
7KXVLWLVREYLRXVWKDWPRUHWKDQVFLHQWLVWVZRUOG
ZLGH DUH HDJHUO\ SUHSDULQJ WKHLU H[SHULPHQWV WR EH UHDG\
RQFH )$,5 LV RSHUDWLRQDO
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